A simple method for determining the stress fields in transparent glass artwork pieces is presented. The proposed method is based on the principles of photoelasticity combining imaging and quantitative measures with an image processing algorithm. The main goal was to develop a methodology to help glass artists to determine the ability of their work to resist the thermal shocks by giving them a hazard map based on the stress map of the glass piece.
Introduction
Glass artwork has long followed the human search by exquisite artistic pieces. Shapes, colors, and their ability to always "change" with different illumination make these pieces desirable to many artists. However, working with glass also presents some risk since thermal stress is always present when dealing with glass materials in spite of the techniques used, namely glass blowing, casting, or pâte de verre (a form of kiln casting [1] ).
For these reasons, the measurement of residual stresses should become a fundamental element in quality control operation of the glass artwork. In this scope, the photoelastic stress analysis is one of several methods used to estimate the distribution stress in glass materials [2] [3] [4] [5] [6] [7] .
Residual stress is an intrinsic tension or compression which exists in a material without an external load being applied. In glass, the so-called permanent residual stress is induced in the primary manufacturing process and the potential resistance to thermal stresses accessed through the material's Young Modulus, E [8] . These stresses might be relieved through annealing or subsequently added in secondary thermal processing operations to induce desired mechanical characteristics.
A proper annealing of the glass pieces is very important to eliminate the inside stresses. The methodology used by the artists is somewhat empirical, and knowing the transition temperature and the strain point would be very important. Depending on the glass type, shape, and thickness of the art pieces different firing schedules are being used by several artists in order to achieve the best results to avoid stress or fractures. Tables with annealing cycles can be found in the literature [9] [10] [11] .
When there is equilibrium between the tensile and compressive stresses, the glass is said to be stable. An imbalance in residual stresses can cause unexpected weakness or spontaneous fracture. In either case, to know the stress distribution in a glass volume is of outmost importance. Several techniques are being used by the industry, artisans, artists, and scientists. However, the large majority relies on the concepts of photoelasticity.
Photoelasticity can be defined as the property exhibited by some transparent solids, whereby they become doubly refractive, or "birefringent," when subjected to stress. When polarized light passes through a stressed material, the light separates into two wavefronts travelling at different velocities, each oriented parallel to a direction of principal stress (σ 1 , σ 2 ) in the material, but perpendicular to each other.
Birefringence results in the stressed material having two different indices of refraction (n 1 , n 2 ). In most materials, the index of refraction remains constant; however, in glass and plastics, its value varies as a function of the stress applied. This gave rise to the stress-optic, or Brewster's, law:
C B being the stress-optical constant or Brewster constant. Therefore, this law establishes that birefringence is directly proportional to the difference of principal stresses, which is equal to the difference between the two indices of refraction, n 1 − n 2 , exhibited by a stressed material. Therefore, birefringence can be calculated by having Δn = n 1 − n 2 . The phase difference between the two light vectors travelling through the material with different velocities (fast, slow) is known as retardation, δ. The retardation value divided by the material's thickness, h, is proportional to the difference between the two indices of refraction, that is,
Combining (1) and (2), the stress equation is obtained: In the glass-related industry, polariscopes are the main instrument in the stress analysis of transparent pieces. These are essential instrument for the visualizing of strain patterns in most transparent materials. When a specimen exhibiting stress is illuminated with polarized light from a polariscope, a pattern of various colors appear which are directly proportional to the stresses within the material [12] . However, it only allows obtaining the qualitative evolution of stress in an object and cannot provide quantitative information of the phase retardation [2] . Usually, two polarizer filters allow the user to see compressive stresses as red-related areas while tensile stresses as bluish areas.
There are different methods to measure the state of polarization of a light beam [13] [14] [15] . The polarimeter used in this work is based on the rotating quarter waveplate technique [6, 16] . This sensor consists of a rotating quarter waveplate, a fixed linear polarizer, and a photodiode. Then, the polarizer only transmits the portion of light which is parallel to the transmission axis. The photodiode acts as a powermeter and allows mapping the input beam's polarization as the quarter waveplate rotates. Using this device, for linear polarized light, at 45
• polarized, the retardance can be obtained from the phase difference Δφ by
and (3) can be expressed as
In this work, the authors present a method to make use of both polariscope images and polarimeter data to obtain the full stress map of artistic pieces. This method relies on the photoelastic theory and image processing algorithms.
Methodology
The method proposed is based on the correlation between polariscope qualitative stress images and quantitative polariscope information. Using a common polariscope (Figure 1 ), a digital color camera (Sony DSV-V1) captured images from the color pattern. These images were then recorded as JPEG images.
In order to provide the necessary quantitative stress data, a linear polarimeter (PAX 5710) was used to measure the phase difference, with which the retardation values were estimated, and consequently, the stress value. A laser source, a polarizer, a rotation stage to hold the sample, and the PAX 5710 polarimeter were necessary for this measurement setup. The polarimeter was illuminated with a monochromatic laser source: a He-Ne laser, emitting a beam of 632.8 nm wavelength monochromatic polarized light (1000 : 1), with its polarization axis oriented at 45
• . The principle is illustrated in Figure 2 .
Of course, artwork pieces do not have constant thickness. In the opposite, their different shapes have as a consequence possible quite drastic changes in that parameter. Two possible approaches can be considered when the method hereby described is applied: (1) to produce a thickness map of the piece under analysis or (2) to consider an average thickness over the area of testing. The first hypothesis requires an "extra" step in the process that, depending on the piece's shape, can be sometimes quite difficult. The second step requires a careful analysis of the effect on the resulting data. In either case, the analysis of the effect of thickness change on the stress calculus is required. In order to obtain this information, (5) was derived with respect to h, resulting
and typical data for a silicate glass was used (Table 1) . Figure 3 shows the behavior of the stress change with sample's thickness. The plot shows that the thinner the sample, the higher its sensitivity to thickness changes which implies that, for high stress values and high thickness, the piece can be considered as having uniform thickness. In such cases, an average value may be considered as a "safe" option. 
Image Processing Algorithm
The proposed algorithm has three main steps; the first consists in acquiring the image of the color pattern obtained by a polariscope and its separation into three monochromatic images. The color of each pixel in the image is represented by three components: red, green, and blue (RGB). After reading the RGB value of a given pixel color, in the second step, the color of each pixel is converted to data according to information obtained by phase-difference matrix. Then, for each spatial position the algorithm finds the information about the correspondent pixel: color component and phase difference. Assuming that points in the image having the same color have also equal stresses, a cycle attributes a phasedifference value to the pixels in the image with RGB values near those of exact data pixels (according to a specified threshold value). Subsequently, from the phase-difference data, values of the stress are obtained (stress map) and assigned to those positions. Finally, in the third step, from the stress map, a hazard map is created, indicating zones under critical stress. A pixel value equivalent to white is attributed to zones with low stresses (no-risk pixels) while a pixel value equivalent to black is attributed to higher stresses (hazard pixels), either tensile or compressive. Predefined glass type and user-defined optical stress parameters allow the code to define the critical stresses and to display the distributions of the stress magnitude. These procedures are schematized in Figure 4 .
One of the main user-defined parameters is the threshold value, thRGB, defined as a percentage of the RGB values equivalent to the experimentally obtained stress values. These values should be chosen by proper calibration procedures or by comparison with other data. In this work, this parameter was analyzed and chosen by relating it with its impact on the stress map and comparing it with previously qualitative data. Future work should address defining a specific calibration procedure.
Experimental Results
The described method was tested with several artwork pieces, with different glass compositions. In the scope of this paper, we only considered transparent or mild "non-RGB" (i.e., not highly red, green, or blue) colored pieces.
As mentioned before, the threshold value applied for pixel RGB comparison plays a major role in the process (although not really critical in the overall analysis, as will be explained further on). In order to analyze its impact and choose its values, three artwork pieces were chosen, made with different recipes, and coded as "Grahan," "Vitral 1," and "Vitral 2." Previous qualitative tests demonstrated no real problem with the first of these pieces while the others have demonstrated rather problematic response on other pieces under similar condition. The objects were observed at CRISFORM facilities with a polariscope Sharple Senarcon Strhin. A polarizing film was used to check if the strain in all the glass pieces ("Grahan," "Vitral 1," and "Vitral 2") is in accord with the ASTM protocol C 671-94, F218-95, C 148-95.
As "Grahan" and "Vitral 1" showed no significant change in their thickness, an average value was considered, while a thickness map was produced for "Vitral 2" (Figure 5) . The characteristics of the tested objects are present in Table 2 .
Since the number of phase measurements is limited ("Grahan": 100; "Vitral 1": 342; "Vitral 2": 1406), one of the analyses was made on the influence of the thRGB parameter on the number of empty (no data) values in the final maps. Figure 6 shows the variation in the percentage of empty pixels as thRGB changes for the considered test objects. As it can be seen, a threshold between 25% and 30% reduces the percentage of empty data to less than 0.5%. One should note that "Vitral 1" has a large number of empty pixels at the edges of the image, which were not considered in the final analysis.
Another analysis was made on the impact of the thRGB parameter on the number of pixels identified as hazard ones. Figure 7 shows the number of determined hazard pixels and Figure 8 the evolution in their percentage as thRGB varies. Again, a threshold between 25 and 30% seems to be a proper value to achieve valid results since higher values, in general, do not have a major impact on the analyzed factors. Also, after testing the methodology for all the samples, with different thRGB values, even if the number of hazard points increases, the conclusions in their analysis remained from thresholds higher than 20%. Of course, hazard areas do not necessarily indicate points were the piece will break but just areas where stresses might lead to it when the piece is subjected to thermal shocks [8] .
As an example of the results obtained, we choose the artwork "Grahan," imaged in Figure 9 . Its thickness changes only about 2 mm (60 mm average) over the analyzed area, which according to the previous analysis ( Figure 3 ) leads us to consider the average thickness instead of the complete thickness map. Considering the discussion above, we choose to use thRGB = 0.3 (30%). Figure 10 shows the image taken from the polariscope: red represents compressive stresses while blue tensile stresses, as seen through the polariscope red and blue filters. Using the method described above, we measured the phase difference and estimated the phase retardation. Stresses were calculated using the stress-optic relation given in (5) . Figure 11 shows the stress distribution obtained theoretically and the equivalent hazard map, considering that the maximum allowed stress (in modulus) is ∼10 −4 E for tensile stress (negative stresses) and ∼10 −3 E for compressive stress (positive) [8] . Using these limits, the dark areas in the stress hazard map are potential risk areas while the white areas have no risk. Computation was carried out for a silicate glass with E = 92 GPa and C B = 3.8 × 10 12 m 2 /N, illuminated with 632.8 nm wavelength HeNe laser radiation.
The technique was also applied to "Vitral 1" and "Vitral 2," and the resulting hazard maps are plotted in Figure 12 . As it can be observed, the stress-associated risk is higher for this artwork piece than for "Grahan" piece, and care should be taken regarding its subjection to thermal shocks.
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Conclusions
A simple method based on the principles of photoelasticity for determining the stresses field in glass materials was developed. By combining imaging and quantitative measures with an image processing algorithm, it was possible to obtain an indication of the stress map over large glass artwork pieces and acquire a hazard map. The impact of thickness variations on the obtained results was also studied.
Although results were consistent with alternative (qualitative) analysis, the authors also verified that a calibration method should be defined in future research on the subject. Nevertheless, this methodology could be a simple and reliable way of an artist to analyze the potential of his work to resist the thermal shocks.
